ABSTRACT: Epidemiologic and experimental findings implicate maternal infection in the etiology of injury to brain white matter, which may lead to cerebral palsy in preterm newborns. In the present study, inflammation and brain damage in 1-and 7-d-old rats were investigated after maternal inflammation. Intraperitoneal injection of 300 g/kg of Escherichia coli lipopolysaccharide was administered to pregnant Wistar rats at d 19 and 20 of gestation (LPS group). Control females received a saline injection. Proinflammatory cytokines IL-1␤, tumor necrosis factor-␣, and IL-6 expression in the fetal brain were determined by reverse transcription quantitative polymerase chain reaction. Brain injury was examined in 16-m coronal brain sections by GFAP, MBP, caspase-3 immunohistochemistry, and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling. Expression of IL-1␤ was significantly increased 3 d after maternal administration (P1). A significant increase in cell death occurred at P1 and P7 in specific brain areas, i.e. in the subventricular striatal zone at P1, and in 1) the periventricular striatum, 2) the periventricular white matter, and 3) the germinative ventricular zone at P7. We also observed typical astrogliosis and strong hypomyelination in the external and internal capsule in the LPS group at P7. These results demonstrate that maternal LPS treatment induces persistent fetal inflammatory reactions associated with significant white matter injury in progeny at P1 and P7. This model should be relevant for the study of the pathophysiological mechanisms involved in cerebral white matter damage in preterm human newborns and in the development of therapeutic strategies. (Pediatr Res 59: [428][429][430][431][432][433] 2006) 
T he neuropathology of PVL consists of two main components, i.e. focal and diffuse (1, 2) . It is characterized by necrosis of the periventricular WM combined with more diffuse injuries. It is one of the most important lesions that occurs in the immature brain and results in life-long disorders of movement, posture, and cognition. Hypoxia-ischemia is known to be one of the causes of PVL, but maternal infection and inflammation are suggested as other important factors involved in the development of such lesions (3, 4) . The maternal immune response following infection may become deleterious for the fetus. Excessive secretion of cytokines is cytotoxic for the fetus and may induce fetal inflammatory response syndrome (5) , which leads to astrogliosis, acts on oligodendrocytes during their maturation (6, 7) and contributes to neonatal brain injury and later developmental disability (8) .
Cytokines are signaling proteins that are produced as part of the inflammatory response. IL-1␤ expression in the brain is markedly increased after injury (9) . In the human preterm infant, increased concentrations of proinflammatory cytokine IL-6, IL-1␤, and TNF-␣ in neonatal blood, amniotic fluid, umbilical cord, or CSF have been associated with PVL and later impairment of neurodevelopment (10 -12) .
LPS is the bacterial cell wall of Gram-negative bacteria and is responsible for most of the inflammatory effects of infection due to bacteria. It has also been reported that LPS induces production of TNF-␣ and IL-1␤ (13) . Significant WM lesions have been described in young dogs aged 1-10 d after injection of Escherichia coli (14) . Peripheral and central injections of LPS have been shown to induce IL-1␤ bioactivity in the brains of laboratory animals, especially in rats (15) .
Several animal models have been used to understand the consequences of maternal infection on offspring. Recent studies in rabbits have provided consistent results showing that maternal intrauterine infection with E. coli induces WM damage in fetal brains and cell death (16) . After maternal injection of E. coli LPS at gestational d 18 (G18) and G19 in pregnant rats, hypomyelinization and increase in astrocytes were observed in 8-d-old pup brains (17) . This study also described a dose-dependent peak of IL-1␤ and TNF-␣ mRNA expression in fetal rat brains at 1, 4, and 24 h after maternal injection at G18. Increase in cell death and expression of proinflammatory cytokines in the brain were observed only during the fetal period or a few hours after bacterial or LPS injection. It would therefore be very interesting to find out whether these processes are limited to the prenatal period or continue after birth and thus might predispose the immature brain to postnatal lesions.
The purpose of this study was to determine the occurrence of delayed cell death, persistent cytokine expression, and WM injury in the brains of 1-(P1) and 7-(P7) day-old rats after maternal administration of E. coli LPS. This narrow window in rats corresponds to a large window in humans and represents a strong vulnerability window during brain development, especially in terms of oligodendrogenesis.
MATERIALS AND METHODS

Animals and drugs.
Experiments on rats were carried out in compliance with European Community Commission directive guidelines (86/609/EEC). Time-pregnant Wistar rats used in this study were purchased from CERJ (Le Genest, France). They had free access to food and water and were bred at 22°C with a normal light cycle. Doses of 300 g/kg (LPS group) of LPS (E. coli, serotype 055:B5; Sigma Chemical Co., St. Louis, MO), diluted in saline solution, were injected intraperitoneally to pregnant rats at 19 and 20 d of gestation. The control group consisted of pregnant rats injected with saline solution on the same days.
Newborn rats were killed at P1 and P7. We choose to study animals at P1 and P7 because these stages are equivalent to 22 and 36 wk of gestation in humans (18) . Brains were dissected on ice, frozen in isopentane cooled to -35°C with dry ice, and stored at -80°C until use. Coronal sections of 16-m thickness were prepared at -20°C in a cryostat microtome (Jung CM3000, Leica, Wetzlar, Germany), mounted on Superfrost slides and stored at -80°C until use. At P1, sections were taken from brain regions corresponding to plates 6, 7, 12, and 13 of Altman and Bayer's atlas (19) . At P7, sections were taken from brain regions corresponding to plates 12, 13, 30, and 31 of Paxinos and Watson's atlas (20) .
A total of 25 litters was used, 10 for controls and 15 for the LPS group. In the first group of six litters (two controls and four LPS group), pups were killed at P7. Two animals from each dam were used for histologic and TUNEL studies, and the rest were used for RT-PCR (22 controls and 24 LPS group). In the second group of 11 dams (4 controls and 7 LPS group), 4 animals from each dam were used at P7 for physiologic study and 7 pups from 4 control dams and 8 pups from 4 LPS group dams were used for immunohistochemistry. The rest were used at P1 (24 pups as controls and 36 pups from the LPS group) for physiologic study and RT-PCR. Finally, in the third group of 8 dams (4 controls and 4 LPS group), 2 pups from each were used for immunohistochemistry study at P1.
RT-QPCR. All chemicals and the oligonucleotide primers were purchased from Invitrogen (Carlsbad, CA). Total mRNA samples were extracted from brains using TRIzol reagent according to the manufacturer's instruction. After treatment with deoxyribonuclease I amplification grade, 1 g RNA from each brain was reverse transcribed into cDNA by Superscript II reverse transcriptase (10 U/L) with 0.5 mM dNTP mix and random hexamers (5 ng/L). The reaction was performed on a thermocycler (iCycler, Bio-Rad, Hemel Hempstead, UK) at 65°C for 5 min, 45°C for 50 min, and termination at 70°C for 15 min.
Specific cDNA samples were amplified by PCR and oligonucleotide primer pairs designed for targeting IL-1␤, IL-6, and TNF-␣ cDNA. For IL-1␤ and TNF-␣, the reaction was performed in 25 L of final volume, containing 12.5 L of 2ϫ platinum SYBR green qPCR Supermix UDG, 15 M of each primer, 4 L of cDNA from the RT mix, and H 2 O added to achieve the final volume. The PCR reaction conditions were 2 min at 50°C, 40 cycles at 95°C for 20 s, 60°C for 40 s, 84°C for 10 s. For IL-6, the PCR reaction was performed in 25 L of final volume, consisting of 2.5 L of 10ϫ PCR buffer, 1.5 mM magnesium chloride, 0.125 mM dNTP, 0.5 M of each primer, 4 L of cDNA, 0.07 U/L of TaqDNA polymerase, 0.2ϫ of SYBR green and H 2 O added to achieve the final volume. The PCR reaction conditions were 3 min at 94°C, 40 cycles at 94°C for 30 s, 62°C for 30 s, 72°C for 30 s, 82°C for 10 s. For all genes, a melting curve from 72 to 94°C was performed at the end of the reaction to verify the nature and purity of the PCR products. Since ␤-actin was used as control, the PCR reaction was the same as the target gene. The sequences for the primer pairs are listed in Table 1 . We used the 2 ⌬⌬CT method to make comparisons where ⌬C T ϭ (C Ttarget -C TActin ), and ⌬⌬C T ϭ ⌬C T controls -⌬C T LPS group (21) . Threshold cycle values of two replicates from each sample were averaged. We considered that the difference between the threshold cycle of the two replicates should be Ͻ0.5 to be usable. The ratio (target cDNA)/(␤-actin cDNA) was calculated to normalize the target cDNA values.
Cresyl violet staining. After immersion in cresyl violet, slides were rinsed and dehydrated by immersion in baths of increasing concentrations of ethanol. After baths in Histo-Clear, slides were mounted with counter-staining. Four sections from each cerebral region and each brain were examined under microscope to detect histologic changes.
Caspase-3 immunohistochemistry. Anti-rabbit caspase-3 (Ozyme, St. Quentin Yvelines Cedex, France) were used as primary antibodies for detection of cell death and EnVision Kit (DAKO, Copenhagen, Denmark) for visualization. Sections were fixed for 3 min in methanol, 4 min in acetone, dried for 30 min, heated in citrate buffer (8.2 mM Na citrate and 1.8 mM citric acid, pH 6) in a microwave for 10 min and rinsed. Sections were incubated for 5 min in Peroxidase block solution, rinsed and incubated with primary antibody diluted 1:200 in Tris buffer saline (TBS; 50 mM Trizma, 150 mM NaCl, and 0.05% Tween 20, Sigma Chemical Co.) overnight. After rinsing with TBS, sections were incubated with peroxidase polymer for 30 min. After washing in TBS, sections were stained with 3,3=-diaminobenzidine and mounted with counter-staining.
TUNEL. Sections were fixed with 4% PFA (paraformaldehyde) bath for 15 min, rinsed in 0.1 M PBS (50 mM of disodium hydrogen phosphate and 200 mM of dihydrogen phosphate sodium, pH 7.4), and dehydrated by immersion in baths of increasing concentrations of ethanol. Sections were digested in 1 g/mL proteinase K for 10 min and rinsed in PBS. After endogenous peroxidase inhibition by 10 min incubation in 2% H 2 O 2 , sections were rinsed in PBS and incubated 1 h at 37°C with biotin-dUTP (25 L per section: 5 L of 5ϫ terminal deoxynucleotidyl transferase (Tdt) buffer, 0.2 L Tdt enzyme, 0.15 L biotin-16-2=-deoxyuridine-5=-triphosphate, and H 2 O added to achieve final volume). After washing in PBS, sections were incubated with 2% BSA for 30 min, rinsed in PBS and incubated for 30 min with the avidin-biotin-peroxidase complex (Vectastain ABC kit, Vector Laboratories, Burlingame, CA). Finally, sections were stained with 3,3=-diaminobenzidine and mounted with counter-staining.
For cell death, tissue sections were semi-quantitatively evaluated by a researcher blind to the treatment conditions using light microscopy (Leica). Brown-stained cells in the striatum, WM, and hippocampus were scored for each animal on both sides of the brain using Histolab software (Microvision Instrument). Results were expressed as mean number of positive brown cells Ϯ SEM per field. Four sections for each field of interest were counted per brain (TUNEL: controls, n ϭ 4; LPS group, n ϭ 8; Caspase-3: controls, n ϭ 8; LPS group, n ϭ 7).
MBP and GFAP immunohistochemistry. Anti-mouse MBP and antimouse GFAP [monoclonal mouse antibodies, Chemicon International (Temecula, CA) and Sigma Chemical Co.] were used as primary antibodies for detection of myelin and astrocytes. Sections were fixed for 3 min in methanol, 4 min in acetone, and dried for 30 min. After rinsing with PBS [without calcium and magnesium 1ϫ (Invitrogen), 2% gelatin and 0.25% Triton], brain sections were incubated with primary antibody diluted at 1:1000 in PBS overnight. Sections were rinsed in PBS and incubated with biotinylated anti-mouse IgG diluted at 1:200 in PBS for 90 min. Sections were rinsed in PBS and incubated with streptavidin-biotin-peroxidase complex (Amersham Biosciences AB, Uppsala, Sweden) diluted at 1:400 in PBS for 90 min. After rinsing once in PBS and once in Tris 50 mM, the reaction was visualized with 3.3=-diaminobenzidine and mounted with counter-staining. For MBP study, we used a semi-quantitative method to study the intensity of labeling. Each animal was classified in a group according the staining observed, i.e. ϩϩϩ for half the field stained, ϩϩ for a quarter of the field stained, ϩ for less than a quarter, and 0 for no staining.
Statistics. Quantitative data were expressed as mean values Ϯ SEM for each group and results were analyzed using the t test. The 2 test was used for semi-quantitative MBP staining. The significance level was set at p Ͻ 0.05. 
RESULTS
Physiologic parameters.
We observed a significant difference in changes in weight in pregnant rats between G19 and G20 after the first LPS injection, as the LPS group lost weight whereas controls gained weight (LPS group, n ϭ 15, -6.31 Ϯ 2.60 g versus controls, n ϭ 10, 9.70 Ϯ 4.94 g; p Ͻ 0.01). We did not observe any difference in the dropping stage in the LPS group compared with controls (LPS group 01) . However, significant differences were observed in both body and brain weights in the LPS group compared with controls at P1 and P7 (Table 2 ). Significant decreases (30%, p Ͻ 0.01, and 20%, p Ͻ 0.01) in body weight was measured in the LPS group compared with controls at P1 and P7, respectively. A significant loss of brain weight in the LPS group compared with controls was also observed at P1 (-15%, p Ͻ 0.01) and P7 (-16%, p Ͻ 0.01).
Quantification of cytokine mRNA by RT-QPCR. Considering that the difference in the threshold cycle of the two replicates should be Ͻ0.5 to be useful, the results from several animals were not used for this experiment. No difference was seen at P1 for IL-6 between LPS and control groups (data not shown). At P1 (Fig. 1A) , a slight nonsignificant (18%) decrease in TNF-␣ mRNA expression (0.82-fold change in gene expression in LPS group compared with controls; ⌬C T : LPS group, n ϭ 14, 14.56 Ϯ 0.15 versus controls, n ϭ 13, 14.19 Ϯ 0.16) and a significant (64%) increase in IL-1␤ mRNA expression (1.64-fold change in gene expression in LPS group compared with controls; ⌬C T : LPS group, n ϭ 14, 15.06 Ϯ 0.16 versus controls, n ϭ 8, 15.66 Ϯ 0.13, p Ͻ 0.05) were observed. At P7 (Fig. 1B) , a significant (37%) decrease was observed in TNF-␣ mRNA expression (0.63-fold change in gene expression in LPS group compared with controls; ⌬C T : LPS group, n ϭ 6, 14.34 Ϯ 0.21 versus controls, n ϭ 7, 13.59 Ϯ 0.09, p Ͻ 0.01) whereas IL-1␤ expression was similar to controls (1.03-fold change in gene expression in LPS group compared with controls; ⌬C T : LPS group, n ϭ 10, 16.41 Ϯ 0.27 versus controls, n ϭ 5, 16.33 Ϯ 0.35).
Cresyl violet staining. No cystic lesions were observed in the LPS group at P1 and at P7 (data not shown).
Cell death study: caspase-3 and TUNEL. A significant (91%) increase was observed in the number of caspase-3-positive cells per field in the subventricular striatal zone (Fig.  2 , LPS group: 40 Ϯ 5 versus controls: 21 Ϯ 6 cells, p Ͻ 0.05), whereas a nonsignificant (30%) increase was observed in the WM external capsule zone (LPS group: 30 Ϯ 4 versus controls: 23 Ϯ 4) at P1. At P7 (Fig. 3 and Fig. 4) , a significant increase in cell death was observed in the periventricular zone. A 114% increase in the number of caspase-3-positive cells per field was measured in the periventricular striatum (LPS group: 18 Ϯ 2 versus controls: 8 Ϯ 1, p Ͻ 0.01), a 177% increase in the periventricular WM at the level of the external capsule (LPS group: 12 Ϯ 3 versus controls: 4 Ϯ 1, p Ͻ 0.05) and a 133% increase in the germinative ventricular zone (LPS group: 22 Ϯ 4 versus controls: 9 Ϯ 2, p Ͻ 0.05).
We also observed a significant (76%) increase in TUNELpositive cells per field at P7 in the periventricular striatum (LPS group: 24 Ϯ 3 versus controls: 14 Ϯ 2, p Ͻ 0.05; Fig.  5 ), whereas nonsignificant (26% and 21%) increases were observed in the periventricular WM (LPS group: 9 Ϯ 1 versus controls: 7 Ϯ 1) and germinative ventricular zone (LPS group: 59 Ϯ 5 versus controls: 49 Ϯ 3), respectively.
Myelination study: MBP immunochemistry. We observed significant hypomyelination in the LPS group compared with controls in both the external (Khi2, ddl ϭ 3, p Ͻ 0.01) and internal capsule (Khi2, ddl ϭ 3, p Ͻ 0.05) (Fig. 6 and Table 3 ).
Astrocyte structure: GFAP immunohistochemistry. Typical astrogliosis was observed in fimbria hippocampus and WM both in the internal and external capsule at P7 in the LPS group (Fig. 7) . We noticed a significant decrease of body weight in the LPS group compared with controls at P1 (-30%) and P7 (-20%). We also observed a significant loss of brain weight at P1 (-15%) and P7 (-16%) in the LPS group compared with controls. Results are expressed as mean Ϯ SEM. Comparisons with controls were performed using the t test (**p Ͻ 0.01) Figure 1 . Variations in expression of TNF-␣ and IL-1␤ at P1 (A) and P7 (B). At P1, for TNF-␣, n ϭ 13 for controls (black bars) and n ϭ 14 for LPS group (white bars) and for IL-1␤, n ϭ 8 for controls and n ϭ 14 for LPS group. At P7, for TNF-␣, n ϭ 7 for controls and n ϭ 6 for LPS group and for IL-1␤, n ϭ 5 for controls and n ϭ 10 for LPS group. Results are expressed as mean Ϯ SEM. Comparisons with controls were performed using t test (*p Ͻ 0.05 and **p Ͻ 0.01). 
DISCUSSION
We demonstrated here that LPS administration in pregnant rats at G19 and G20 induced multisite WM injury in P1 and P7 progeny, characterized by astrogliosis, apoptosis, and damage to myelination. The new major finding of this study was Maternal LPS and neonatal brain cytokines. We found a significant increase in IL-1␤ expression in pup brains at P1 (3 d after the last maternal administration of LPS). An inflammatory reaction has already been described in a similar model; a high dose (4 mg/kg) administered at G18 induced peaks of expression of IL-1␤ and TNF-␣ in the fetal brain at 1 and 3 h postinjection (17) . The persistent inflammatory reaction that we observed in pup brains is to our knowledge the first demonstration of prolonged increased expression of IL-1␤.
Investigating cytokine immunoreactivity in human brains with PVL, Kadhim et al. (22) reported an inflammatory reaction with high levels of TNF-␣ and, to a lesser extent, IL-1␤. A significant cerebral decrease in TNF-␣ occurred at P7 in the present study. These results are in contrast to others reporting an increase in TNF-␣ in the fetal rat brain a few hours after maternal LPS administration at G18 and G19 (17) or at G15 (5), whereas a significant decrease in TNF-␣ was found in fetal brains after maternal LPS administration at G16 (23) . The differences between these studies may be due to different gestational ages at exposure, species and strains, dose and quality of LPS, and fetal environment (24) .
A number of ways in which cytokines cause fetal brain injury have been proposed. They are able to affect the bloodbrain barrier permeability (25) and may indirectly cause astrogliosis and damage to brain tissue through stimulation of NO and associated free radicals (26) . IL-1␤, a pleiotropic cytokine with multiple biologic actions, can be produced in the CNS from microglia, astrocytes, and neurons. In vitro, it regulates survival of fetal neurons, inhibits proliferation of oligodendrocyte progenitors, and activates astrocytes (27) . Direct intra-cerebral and systemic injection of IL-1␤ have been reported to stimulate astrogliosis and angiogenesis in the developing rodent brain (28) .
PCD in the periventricular white and deep gray matter. Apoptosis has been reported to be a contributing mechanism for cell death in infants with WM injury (29) . As previously demonstrated in pregnant rabbits and guinea pigs, E. coli inoculation into the uterine horns or into the cervix resulted in abundant PCD in the WM 2 d later (16, 30) . Active caspase-3 is initially low in the developing rat brain, but rises rapidly in the prenatal and early postnatal period to a peak and then declines (31) . In our study, we observed a significant increase in caspase-3 cells in the periventricular WM and striatum. Observed first at P1, this multisite cell death was still present at P7.
Proinflammatory cytokines may cause brain injury through different mechanisms including apoptosis (32) . In a model of intracerebral LPS injection, co-administration of LPS with IL-1 receptor antagonist significantly reduced increases in caspase-3 activity in the neonatal rat brain whereas TNF-␣ antibody had no effects (33) . In cell culture, IL-1␤ has been linked directly with caspase-3 activation following hypoxic injury via NO (34) .
Different authors have suggested that the myelination disorders of WM injury result from cell death of oligodendrocyte progenitors mediated partially by cytokines (7, 35) . In several models of hypoxia-ischemia, it has been reported that death of oligodendrocyte progenitors is due to the caspase-mediated mechanisms of apoptosis (36) .
Maternofetal inflammation and WM injury. Patients with cystic PVL develop neuronal dysfunction, far beyond WM lesions, resulting in mental retardation or extrapyramidal symptoms. Recent MRI studies have shown that premature infants at term have significant reduction in volume of cerebral cortical and deep nuclear gray matter in comparison with term-born infants. The pattern of cerebral changes was related most significantly to the degree of immaturity at birth and was concomitant with WM injury (37) .
We observed astrogliosis with hypertrophic astrocytes in the internal and external capsules, with significantly reduced We observed difference of distribution in LPS group compared with controls in both external and internal capsule. We noticed myelination in control brains, whereas we observed hypomyelination or lack of myelination in LPS group brains (MBP staining-0: no staining, ϩ: less than a quarter of the field stained, ϩϩ: a quarter of the field stained, ϩϩϩ: half of the field stained). 
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MBP staining. Diffuse spread of abnormal astrocytes in WM is considered to be a variant of WM damage in neonates. Such lesions may be accompanied by myelination abnormalities, secondary cyst formation, and ventricular enlargement. The injured cell types that provoke this gliosis are believed to be oligodendrocyte progenitors because the distribution of such lesions is similar to regions of myelination disorders. Evidence from clinical studies that reduced myelination and oligodendrocytes are observed concomitantly with WM injury in the infant brain supports the possibility that the maturation of myelin-forming oligodendrocytes is disrupted (38) . Other potential mechanisms of injury include activation of microglia and axonal damage (39) .
The internal capsule consists of a massive WM pathway linking the cerebral cortex with other parts of the brain. In infants with cerebral palsy (40) , MRI studies have demonstrated that abnormal signal intensity in the internal capsule is an accurate predictor of neurodevelopmental outcome. It will be interesting to explore axonal damage further in our rat model, and to establish whether motor dysfunction occurs later on.
Anorexia is a well-known effect of LPS in rats. Fetal undernutrition has been implicated in myelination disorders and reduction in brain total volume (41) . We observed restricted fetal growth in P1 offspring without catch-up at P7. This was associated with maternal weight loss after LPS treatment. This may be an aggravating factor of the hypomyelination observed in our model.
In conclusion, our experimental model of maternal inflammation causes late IL-1␤ responses in pup brains associated with significant WM lesions such as cell death, hypomyelination and astrogliosis in newborn rats. Since this cytokine may play a role in the development of brain injuries in neonates, investigating the mechanisms of cell damage and death may help the understanding of these processes in infants.
